Introduction
Regime shifts are characterized as persistent, high-amplitude changes that affect many components of large ecosystems [1] [2] [3] [4] [5] . Regime shifts must span not only multiple species but also multiple trophic levels, such that energy flow through the system is altered [1, 2] . Most regime shifts in pelagic marine ecosystems have been linked to changes in conditions that alter bottom-up forcing [6] [7] [8] [9] [10] . The majority of these shifts have been related to large-scale changes in the physical environment, often associated with climate modes such as the Pacific decadal oscillation [7, 11, 12] , North Atlantic oscillation (NAO) [13] [14] [15] or Arctic oscillation [16, 10] .
Although climate variability can clearly drive large-scale changes in marine ecosystems, the standard regime shift definitions (i.e. [1] ) do not specify that the forcing must come from the physical system. Human activities, particularly fishing, also exert strong forces on pelagic ecosystems (defined as plankton, invertebrates, fish and mammals that feed in the water column) [17] . Fishing reduces the abundance and alters the population structure of harvested species, creating opportunities for the exploited species' prey and competitors to flourish. There are many examples of reductions in marine predators leading to changes in prey abundance (reviewed by Baum & Worm [18] ). However, most of the reported examples only involve a predator and its immediate prey, and thus would not meet the multi-trophic level and multi-species criteria required by the regime shift definition. If top-down forcing is especially strong, a decline in upper-level predators can affect several lower trophic levels, a situation known as a trophic cascade [19] . A trophic cascade that induces persistent changes would meet the definition of a regime shift-one driven by top-down, rather than bottom-up, processes.
(a) Trophic cascade regime shifts Paine [20] introduced the term 'trophic cascade', but the idea of predatory influence extending through many trophic levels has its origins with the 'green-world' hypothesis of Hairston et al. [21] . Pace et al. [22] defined a trophic cascade as 'reciprocal predator -prey effects that alter the abundance, biomass or productivity of a population, community or trophic level across more than one link in a food web' ( p. 483). Building from this definition, we introduce a new term 'trophic cascade regime shift', for cases that satisfy three requirements beyond those of a regime shift. The first requirement is an apparent change in the abundance, biomass or productivity of a key species or multiple species at a high trophic level. Second, in addition to impacting the next trophic level down, top-down changes in the system must extend through additional lower trophic levels. Thus, there should be identifiable direct effects between adjacent trophic levels and indirect effects between non-adjacent trophic levels. The third requirement is a timing constraint; the change in adjacent trophic levels must occur in an ecologically logical manner, including appropriate lags between changes at different trophic levels.
Either direct consumptive or non-consumptive effects [23] could contribute to the top-down forcing that may result in trophic cascades. Ideally, experimental exclusion or addition of predators would be used to establish whether a change in the predator population is actually responsible for the shift. Such experiments are not often possible in pelagic ecosystems outside of lakes. In marine ecosystems, negative correlations between adjacent trophic levels are interpreted as evidence of top-down forcing [24] .
Strong [19] famously posed the question 'are trophic cascades all wet?' and speculated that most cascades have algae at their base. This hypothesis grouped many of the welldocumented cascades from rivers and lakes [25] with those from intertidal and subtidal communities [20] . Since then, many examples of trophic cascades in marine benthic environments have been reported. Estes et al. [26] documented a trophic cascade caused by the removal of sea otters that led to the loss of kelp forests. More recently, Myers et al. [27] described how overfishing on large sharks resulted in an explosion in skates and rays and a reduction in scallops.
Despite widespread changes in fish populations [28 -30] and their dependence on primary production from algae, there are few examples of trophic cascades in pelagic marine ecosystems. The leading exceptions, identified by Essington [31] , are from the Black Sea [32, 33] , Baltic Sea [34 -36] and eastern Scotian Shelf [37, 38] . While fishing has a profound effect on marine trophic structure [17] , it is not the only external driver in these systems. Changes in physical conditions, external supply of nutrients and invasive species have also been documented [16, [39] [40] [41] , and the relative importance of topdown versus bottom-up forcing is a source of debate [42, 43] . This raises the question of how to identify the direction of forcing (top-down and bottom-up) in pelagic ocean regime shifts. We review three case studies and analyse their respective time series using a common methodology designed to distinguish top-down and bottom-up forcing. Our goal is to understand the necessary conditions for trophic cascade regime shifts in the pelagic ocean.
Material and methods
Consistent with most trophic cascade and regime shift studies, we examined correlations between multiple trophic levels over many years. To address causation, we tested the effect of removing the top-down or bottom-up forcing signal on the pattern of correlations. Our approach provides a common methodology for evaluating the strength of different drivers producing the ecosystem patterns observed across all three cases.
We selected time series from one representative paper for each of the three cases: Black Sea [33] , Baltic Sea [36] and eastern Scotian Shelf [37] . Time series were extracted by digitizing the figures, mapping the plotted data onto calibrated axes and manually selecting each data point. This method can be applied to any data presented in graphical format, regardless of whether the original data are still available, and it allowed us to apply a standard methodology across the three case studies. We analysed variables within each case study in a pairwise manner, where a 'variable' was a trophic level metric, such as abundance or biomass.
In a trophic cascade regime shift, changes in individual trophic levels may lag behind one another, depending upon the biology of its representative organisms and their relationships to the rest of the food web. We therefore examined the autocorrelation for each variable and cross-correlations between each pair of variables for lags from 0 to 10 years. High levels of autocorrelation were noted in many of the variables, leading to cross-correlation patterns that persisted over many years in the lagged relationships. Because the cross-correlation patterns remained relatively stable over time, we simplified our subsequent analyses by proceeding with unlagged data.
We first examined Pearson product moment correlations among the time series for each case. Based on these correlations, we identified variables that showed strong correlations with many other variables within each ecosystem. These variables were further investigated as potential bottom-up and top-down drivers of the trophic cascade reported in each case. In the Black Sea, we used phytoplankton biomass and predatory fish (biomass of catch) as our respective bottom-up and top-down drivers. In the Baltic Sea, we selected salinity and cod biomass, and for the eastern Scotian Shelf, we selected water column stratification and groundfish biomass. In the Black Sea case, we also considered the influence of invasive gelatinous zooplankton, an intermediate trophic level that is not controlled by fish predators but that exerts top-down control on lower trophic levels of the ecosystem. Consistent with Daskalov et al. [33] , we treat the gelatinous species as a single guild.
To evaluate the relative importance of potential bottom-up versus top-down factors as drivers of the regime shift, we removed the influence of each candidate driver one at a time and examined changes in the cross-correlation patterns. For each candidate driver, we fit a linear regression model expressing each variable as a function of the driver. We subsequently created new time series of the residuals off of these relationships, thereby separately removing bottom-up and top-down effects from the original time series. The strength of forcing was evaluated by comparing the correlation matrix formed using the residual time series to the original correlation matrix. Factors that affected more pairwise correlations were interpreted as acting as the dominant driver of trophic structure in the ecosystem. In all analyses, we applied penalties for autocorrelation when computing the significance of the correlation values [44] .
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Results
Our analysis revealed a gradient of scenarios, including one regime shift originally interpreted as a trophic cascade that, according to our analysis, is driven primarily by bottom-up forcing. We present our results from each system, including a brief description from the original studies for context.
(a) Black Sea
Over five decades, there have been significant changes across five pelagic population groups representing four trophic levels in the Black Sea: phytoplankton, non-gelatinous zooplankton, gelatinous zooplankton, planktivorous fish and piscivorous fish [33] . Daskalov et al. [33] , our reference study and data source, also included oxygen concentration as a proxy for eutrophication. As originally described (in [33] ), the trophic cascade was initiated by declines in predatory fish, which led to increases in planktivorous fish, declines in zooplankton and increases in phytoplankton; phytoplankton biomass was also inversely correlated with oxygen concentration. In addition, invasive gelatinous zooplankton, particuarly Aurelia aurita and Mnemiopsis leidyi, contributed to regime shifts in the Black Sea as they became important predators of zooplankton and restructured trophic relationships in the ecosystem.
The trophic cascade reported by Daskalov et al. [33] can be tracked through the correlations of the time-series data. These correlations display a distinct 'checker-board' pattern, with negative correlations between adjacent trophic levels and positive correlations between trophic levels separated by two links, indicating an apparent trophic cascade (figure 1a). In tracing this cascade through the correlation matrix, it is important to note that while declines in piscivorous fish are associated with increases in planktivorous fish, the planktivorous fish are not significantly correlated with lower trophic levels. There is, however, a pattern of correlations of alternating signs among the gelatinous zooplankton, zooplankton, phytoplankton and oxygen.
In the Black Sea, we examined potential bottom-up influences by removing the effect of phytoplankton on all other ecosystem variables. After removing this signal, correlation patterns indicating top-down structuring at higher trophic levels were weakened but not eliminated (figure 1b). Removing the effect of phytoplankton caused the negative correlation between predatory fish and planktivorous fish to disappear along with the positive correlation between oxygen and zooplankton. The negative correlations between predators and gelatinous zooplankton and between gelatinous zooplankton and non-gelatinous zooplankton remained (figure 1b). In addition, the negative correlation between planktivores and non-gelatinous zooplankton was strengthened and became significant (figure 1b). Daskalov et al. [33] indicate that the first shift in the Black Sea ecosystem occurred following the depletion of predatory fish due to overfishing. When we removed the topdown influence of predators on the suite of Black Sea variables, the pattern of negative correlations between trophic levels remained intact from the gelatinous zooplankton through to oxygen (figure 1c). However, the strength of these correlations was reduced.
When M. leidyi invaded the Black Sea, the dominant topdown control on zooplankton switched from planktivorous fish to ctenophores [33] . Removing the influence of gelatinous zooplankton restricts significant correlations to the lowest trophic levels of the ecosystem (figure 1d ), with negative correlations between zooplankton and phytoplankton, and between phytoplankton and oxygen. These correlations indicate that gelatinous zooplankton have exerted the strongest forcing on the interannual variability of the Black Sea ecosystem over the full time period analysed.
(b) Baltic Sea
The trophic organization and biological composition of the Baltic Sea have transformed over the last three decades. Casini et al. [36] attributed a portion of the changes to a trophic cascade involving cod, sprat, zooplankton and phytoplankton. Cod are considered the top predators in the system, and declines in cod were associated with increased sprat, decreased zooplankton and increased chlorophyll levels. Changes in salinity and the NAO were interpreted as having secondary impacts that reinforced the trophic changes in the ecosystem [36] .
The Baltic Sea trophic cascade as reported by Casini et al. [36] is most apparent in the correlations between cod biomass and the other variables (figure 2a). Sprat, one trophic level below cod, are negatively correlated with cod, while zooplankton, two trophic levels below, are positively correlated with cod. The correlation between cod and chlorophyll is negative as expected in a trophic cascade scenario, but not significant. Herring is positively correlated with both cod and zooplankton, and thus is not part of the trophic cascade, potentially due to different feeding patterns between sprat and herring [36] .
Casini et al.'s original study [36] considers three potential bottom-up drivers: the NAO, temperature and salinity. Among these, we found that salinity is most strongly correlated with the other physical and biological variables, including nutrients (negative), chlorophyll (negative), herring ( positive), sprat (negative) and cod ( positive) (figure 2a). Overall, there are strong correlations among the physical and lower trophic level variables, and among the fish and zooplankton variables ( figure 2a) .
We examined the influence of salinity as a bottom-up forcing variable in the ecosystem by removing its influence on all other ecosystem variables. After removing this signal, rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20130265 many of the correlations between physical and lower trophic level variables weaken (figure 2b). However, several new correlations involving the NAO emerge, including correlations with nutrients, herring and zooplankton. With the exception of sprat -herring and cod-zooplankton, all other correlations among upper trophic levels remained significant.
Removing the cod signal eliminated most of the significant correlations that made up Casini et al.'s [36] trophic cascade, with the exception of the negative correlation between sprat and zooplankton (figure 2c). The sprat-salinity and sprattemperature correlations also disappeared when the influence of cod was removed (figure 2c). In addition, the salinity-nutrient and NAO-temperature relationships weakened (figure 2c).
(c) Eastern Scotian shelf
Over approximately four decades, there have been changes in nutrients, phytoplankton, small and large zooplankton, pelagic fish and shrimp, and groundfish on the eastern Scotian Shelf, which have been attributed to a trophic cascade driven by a decline in groundfish [37] . Frank et al.'s [37] reporting of these changes also includes an index of water column stratification that increases as the groundfish populations decline. The trophic cascade described in [37] appears as a sequence of alternating negative and positive correlations along the top row of the standard correlation matrix ( figure 3a) . However, the statistical significance of this cascade disappears below the large zooplankton. The ecosystem components comprising the cascade are also significantly correlated with the stratification time series (figure 3a), suggesting that the changes on the eastern Scotian Shelf may be related to physical conditions.
Removing the stratification signal has a strong impact on the correlation pattern ( figure 3b) . Notably, all of the groundfish correlations that are part of the trophic cascade disappear, as does the correlation between small and large zooplankton. However, positive correlations between groundfish and small zooplankton and between temperature and shrimp emerge (figure 3b).
When the groundfish signal is removed, many of the other correlations persist and, in some cases, strengthen (figure 3c). A block of strong positive correlations appears among stratification, phytoplankton and small zooplankton, and the negative correlation between large zooplankton and phytoplankton remains. The pattern of phytoplankton being positively correlated with small zooplankton but negatively correlated with large zooplankton is characteristic of the plankton community across the entire northwest Atlantic Shelf [45] . The positive correlation between shrimp and pelagic fish persists, and a positive correlation between temperature and shrimp emerges. The strong influence of removing rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20130265 stratification and limited impact of removing groundfish suggest that bottom-up forcing played the primary role in the eastern Scotian Shelf regime shift.
Discussion
Using our simple procedure for isolating the influence of potential top-down and bottom-up drivers, we found strong support for a trophic cascade regime shift in the Black Sea driven by the appearance of gelatinous predators. The results were more complex in the Baltic Sea and on the eastern Scotian Shelf. In the Baltic Sea, we found evidence for top-down forcing but also significant bottom-up forcing through salinity and the NAO. In the eastern Scotian Shelf, our analysis suggests that changes in stratification played a stronger role in structuring the ecosystem than did changes in groundfish abundance.
In our analyses, the Black Sea displays strong top-down structuring, but trophic forcing in the ecosystem is complex with top-down and bottom-up drivers being important during different time periods [33] . Over the full time period, the introduction of gelatinous zooplankton drove a regime shift that strongly influenced the trophic structure of the ecosystem (figure 1d). Our analysis indicates a stronger impact of gelatinous zooplankton invasions than of piscivorous fish declines.
The impact of removing the cod signal in the Baltic Sea supports the strong top-down forcing hypothesized by Casini et al. [35, 36] . However, we also found evidence for bottom-up forcing, particularly on lower trophic levels of the ecosystem. The physical forcing on the Baltic system involves local processes such as heating and run off and larger scale processes represented by the NAO. Salinity is a particularly important physical variable in the Baltic Sea, where reductions in the inflow of Atlantic water and input from the many rivers in the region can change the system from oceanic to brackish [35, 40] . The NAO has also been implicated in some of the changes in this system. Notably, a transition period during the late 1980s and early 1990s, during which the trophic organization in the Baltic shifted from cod-dominated to clupeiddominated, coincided with a shift in the NAO index [35, 40] . The emergence of several NAO correlations when the salinity signal is removed suggests that a more careful treatment of the physical and chemical drivers of this system, beyond our simple correlational approach, is needed.
The most striking result from our analysis is the lack of support for a trophic cascade on the eastern Scotian Shelf. Although this region has clearly experienced a large reduction in predatory fish, the reduction coincided with substantial changes in the physical system represented by the stratification index. If the stratification signal is removed, the correlations that were consistent with a trophic cascade disappear (figure 3b). If the groundfish signal is removed, many of the original correlations remain (figure 3c). These results suggest that the ecosystem shifts on the eastern Scotian Shelf are more consistent with bottom-up forcing than with a groundfish-driven trophic cascade. Although most studies of the eastern Scotian Shelf ecosystem shifts have focused on overfishing as a likely driver, Choi et al. [39] identified stratification as an important factor. A recent update to the eastern Scotian Shelf analysis found that many of the changes in the 1990s began reversing in the early 2000s [38] . The timing of the reversal coincides with a reduction in stratification [15, 16, 46] , consistent with the bottom-up mechanism implied by our analysis.
Negative correlations between adjacent trophic levels can appear, on the surface, to provide evidence for a trophic cascade. While these negative correlations could indicate topdown forcing between species in an ecosystem, they are not sufficient by themselves for diagnosing a trophic cascade. Negative correlations can also arise from bottom-up processes. For example, a similar shift in the plankton community in the Gulf of Maine associated with hydrographic changes has been interpreted as evidence of bottom-up forcing [47] . In that hypothesis, a shift towards more stratified conditions leads to a longer phytoplankton growing season and favours smaller phytoplankton (i.e. dinoflagellates over diatoms). The smaller phytoplankton community in turn favours smaller zooplankton, leading to a negative correlation between phytoplankton abundance and large copepods, identical to the correlation pattern on the eastern Scotian Shelf and in the broader northwest Atlantic [45] . Macroecological studies that rely solely on negative correlations to identify top-down forcing are particularly susceptible to seeing such forcing where none occurs. Our work underscores the importance of considering alternative explanations when interpreting correlations.
(a) Why are trophic cascades rare in the ocean?
Reported cases of trophic cascades are rare in large marine ecosystems and our analyses suggest that even some of the commonly cited examples may be strongly influenced by bottom-up forcing. If top-down structuring were the rule in pelagic marine ecosystems, then we would expect to see many more examples of trophic cascade regime shifts corresponding with major collapses of commercial fish populations. For example, the North Sea is one of the most heavily impacted ecosystems in the world [17] . Cod populations exploded during the 1960s gadoid outburst and then declined due to overfishing [48] . In this ecosystem, changes in the abundance of mid-trophic level species and plankton are consistently explained by shifts in the physical system [13, 49, 50] . While it is impossible to say that trophic cascades can never occur in open ocean pelagic ecosystems, the weight of evidence suggests that they are unlikely. By contrast, many examples of trophic cascades have been found in the pelagic communities in lakes [25] and in enclosed seas such as the Black and Baltic Seas considered above.
Strong [19] suggests that 'runaway consumption', where one trophic level reduces the abundance of its prey to very low levels, is a necessary condition for a trophic cascade. Ecosystems with strong spatial constraints are more prone to trophic cascades [51, 52] . In these systems, prey populations can only rebuild through local reproduction. By contrast, in open ecosystems, prey lost to mortality or emigration can be replaced through advection or immigration, and variations in supply can overwhelm local dynamics [53, 54] . We hypothesize two factors in pelagic marine systems that reduce the likelihood of runaway consumption: (i) the advective nature of pelagic ecosystems and (ii) the increase in diversity at lower trophic levels. These properties reduce the likelihood that top-down forcing can drive regime shifts in the ocean; conversely, when these properties are altered, trophic cascades are more likely.
The gradient of top-down forcing in our examples, from strong in the Black and Baltic Seas to weak on the eastern Scotian Shelf, is consistent with spatial constraints in these ecosystems. The residence time, defined as the volume of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20130265 the ecosystem divided by the flux of water through the system, provides a rough indication of spatial constraints. The residence times of the near-surface waters of the Black and Baltic Seas are on the order of tens of years [55, 56] [54, 58] and emphasizing processes such as changes in stratification or temperature that are likely to covary over large scales. The residence time argument described above may explain the prevalence of strong top-down effects in benthic and demersal ecosystems. In these systems, predators can readily reduce the abundance of prey in an area and lost prey can only be replaced by active migration or, for sessile species, recruitment. For example, Myers et al. [27] report a trophic cascade where overfishing on large predatory sharks released smaller elasmobranchs (rays, skates and small sharks) from predation. In turn, the cownose ray decimated the bay scallop population. This trophic cascade depends on the ability of rays to substantially reduce the abundance of bay scallops in an area and the slow recruitment of new scallops into a cleared area. There are examples of rocky intertidal zones worldwide that have faced reported regime shifts related to urchin over-grazing of kelp [59] , some of which are trophic cascade regime shifts [26] . The effects which lead to trophic cascade regime shifts in these spatially constrained systems are in contrast to the difficulty with which a pelagic predator might clear a water volume, and the relatively high likelihood of a pelagic organism being quickly replaced through migration or advection.
The structure of pelagic food webs may also provide an inherent barrier to trophic cascades. Several authors have hypothesized that high species or functional diversity dilutes the impact of a change in top predator abundance [18, 24] . In marine foodwebs, diversity generally decreases as trophic level increases. The change in diversity is especially large between zooplankton and their predators; Micheli [60] suggests that zooplankton may serve as a barrier to cascades in aquatic systems. Gelatinous predators such as ctenophores may be the exception to this pattern, due to their high consumption rates and fast reproduction. The introduction of the ctenophore M. leidyi was the main driver of the trophic cascade regime shift in the Black Sea. In the nearby Caspian Sea, outbreaks of M. leidyi resulted in a decrease in mesozooplankton diversity as well as abundance [61] .
Conclusion
Regime shifts are a well-established feature of large marine ecosystems. When we applied a uniform methodology to three examples of regime shifts attributed to trophic cascades, we found evidence for top-down forcing in the Black Sea, bottom-up forcing in the eastern Scotian Shelf and a mix of both top-down and bottom-up in the Baltic Sea. Based on this analysis, we propose a conceptual model where topdown forcing competes with bottom-up forcing (figure 4). Ecosystems that are spatially constrained or that have reduced diversity at the lower trophic levels should have stronger top-down forcing, explaining why cascades are common in lakes and the benthos. This model also explains why we found strong top-down signals in the Black and Baltic Seas and a strong bottom-up signal in the more open eastern Scotian Shelf ecosystem. In the ocean, high diversity at low trophic levels coupled with the open nature of the system mitigates the effect of top-down forcing, thereby reducing the likelihood of a trophic cascade that penetrates and controls multiple levels of the ecosystem.
Our review suggests that top-down processes are unlikely to be a major driver of regime shifts in open ocean pelagic ecosystems, despite the widespread impact of fishing. Even in ecosystems such as the Baltic Sea, where top-down control is strong, bottom-up forcing through climate and physical conditions shapes the structure and dynamics of the ecosystem [30, 38] . We propose that bottom-up forcing should be the leading hypothesis when diagnosing the mechanisms behind any regime shift in pelagic ecosystems [10] . Any study of the potential impact of changes in predator populations should evaluate the evidence of top-down forcing against potential bottom-up drivers. 
